Mutants were isolated from Pseudomonas aeruginosa that were impaired in the utilization of a number of nitrogen sources. In contrast to the wild-type strain, these mutants appeared to be unable to derepress the formation of glutamine synthetase and urease under nitrogen-limited growth conditions, whereas NADPdependent glutamate dehydrogenase became derepressed. This GlnR-phenotype appeared to be caused by a mutation located in the early region of the P. aeruginosa PAO chromosomal map, close to hisIVS9. Partial suppression of the GlnR-phenotype due to a mutation located close to hisII4 was observed. These revertants were different from both the wild-type strain and the GlnR-mutant with respect to the regulation of the synthesis of glutamine synthetase, urease, and NADP-dependent glutamate dehydrogenase (GlnRC phenotype). Also the regulation of glutamine synthetase activity by adenylylation/deadenylylation was altered in the revertants. The results suggest the presence of a regulatory gene that plays a role in the regulation of enzyme formation in response to the availability of ammonia.
In Pseudomonas aeruginosa the formation of a number of enzymes involved in nitrogen assimilation is regulated by the availability of ammonia in the growth medium (2, 12, 23, 26) . This nitrogen control of enzyme formation is believed to prevent the production of unnecessary enzyme protein and the uncontrolled breakdown of compounds that could be of value for the cell for biosynthetic purposes (26, 31) . Thus, only during nitrogen-limited growth is the synthesis of glutamine synthetase, urease, and histidase derepressed, whereas derepression of NADP-dependent glutamate dehydrogenase is observed only in cells growing with excess ammonia (2, 12) .
The mechanism of nitrogen control in P. aeruginosa is poorly understood. In a mutant lacking glutamine synthetase activity (Gln-phenotype), urease and histidase formation were found to be no longer repressed by the presence of ammonia and glutamate in the growth medium. Because the formation of these enzymes was still repressible by glutamine, it was concluded that glutamine or some compound derived from it is one of the metabolic signals that affect the nitrogen control mechanism (13) . In a Gln-mutant, excess glutamine was also found to be required for derepression of NADP-dependent glutamate dehydrogenase. This suggests the presence of a common element in the regulation of NADPdependent glutamate dehydrogenase, urease, and histidase formation (13) .
It is not known what other control elements are involved in the correlated regulation of enzymes subject to nitrogen control. Recently, it was described that mutants lacking glutamate synthase activity have altered growth properties with a number of nitrogen sources (3), but it is not clear how this is caused. In enteric bacteria, glutamine synthetase, encoded by the ginA gene, was originally believed to be the major regulatory protein (21, 31) , but more recently evidence was presented for the existence of a separate regulatory gene closely linked to ginA (1, 15, 18, 24) . This gene was found to be necessary for the derepression of proteins that are subject to nitrogen control, including glutamine synthetase. Other genes reported to be required for glutamine synthetase production are the glnF gene (5, 6) , the product of which is also unknown, and the gInB gene, which encodes the PI, regulatory protein in the glutamine synthetase adenylylation system (4, 18, 27) . How these genes operate together in the regulation of enzyme formation remains to be established.
We have started an investigation into the nitrogen control mechanism of P. aeruginosa, an organism which, with its remarkable metabolic versatility, is expected to have regulatory 22 mechanisms that allow the efficient utilization of a great variety of compounds. The presence of a regulatory gene, required for the derepression of the synthesis of glutamine synthetase and urease, and involved in the repression of NADPdependent glutamate dehydrogenase, is described here.
MATERIALS AND METHODS
Bacterial strains. Table 1 shows the P. aeruginosa strains used. All are derived from strain PAO of B. Holloway. Strain PA02175 (20) was used as the wildtype strain from which the mutants defective in nitrogen control were isolated as described below. Strains and plasmids used for genetic experiments were kindly provided by B. Holloway and D. Haas.
Growth media. Two different minimal media were employed. The medium described by Leisinger et al. (17) was used for experiments in which enzyme regulation was studied. It was supplemented with appropriate carbon and nitrogen sources and sterilized by autoclaving. Methionine was added at 1 mM when strain PA02175 or its derivatives were grown.
The minimal medium of Vogel and Bonner (32) was used in most genetic experiments (30) . Amino acids were added when necessary to a final concentration of 1 mM. Only L-amino acids were used. Mutant isolation. Mutants that were unable to derepress the formation of some enzymes involved in nitrogen assimilation (GlnR-phenotype) were isolated on the basis of their inability to utilize both nitrate and methionine as nitrogen source. The procedure was as follows: a nutrient broth culture of PA02175 was mutagenized with ethyl methane sulfonate, grown in nutrient broth, and starved for nitrogen as described before (13) . Then, 0.2% L-methionine and 0.2% KNO3 were added, and the culture was treated with carbenicillin (2 mg/ml) for 16 h at 37°C. Subsequently, surviving cells were grown in minimal medium supplemented with citrate and ammonia. After repeating the enrichment cycle, mutants that were unable to utilize nitrate and methionine were identified by replica plating, purified on nutrient agar, and analyzed further. Five independent mutants were obtained.
Growth conditions. Cells were grown aerobically at 37°C in batch cultures with rotary shaking. The inoculum was from a washed suspension of cells pregrown on nutrient broth plus glutamine. Glutamine limitation was obtained in batch cultures to which glutamine was slowly added as described before (12) . All cultures were grown overnight and harvested at an optical density at 600 nm of 0.3 to 0.5.
Enzyme assays. Glutamine synthetase was assayed as -y-glutamyltransferase activity in cetyltrimethyl-ammonium-bromide-treated cells as described before (12, 13) . Assays were performed in the presence of 5 mM Mg2" at the isoactivity point, pH 7.9, of the adenylylated and deadenylylated forms of glutamine synthetase. At this pH, the addition of 60 mM Mg2+ to the assay mixture stimulates biosynthetically active, deadenylylated glutamine synthetase and inhibits the activity of inactive, adenylylated enzyme (12) .
NADP-dependent glutamate dehydrogenase and glutamate synthase were estimated in crude extracts prepared in phosphate buffer as described before (12, 22) . Urease activity was measured by following the release of ammonia from urea (12) .
One unit of enzyme is defined as the activity that forms 1 p.mol of product per min under the incubation conditions used. Protein was determined according to Lowry et al. (19) , using bovine serum albumin as a standard.
Genetic techniques. The conjugative IncP-1 plasmid R68.45 is able to mobilize the P. aeruginosa PAO chromosome (7, 8) . Because this plasmid has a multiplicity of transfer origins and transfers only relatively short pieces of the genome, R68.45 resembles in mapping experiments a large generalized transducing phage (7, 8) . Transfer of R68.45 to construct donor strains was accomplished as described by Haas and Holloway (7) . In subsequent conjugation experiments, plate matings were used, and these were carried out according to the procedures described by Stanisich and Holloway (30) . Selected recombinants were isolated on and transferred to appropriately supplemented solid media and tested by replica plating.
The GlnR-phenotype was tested on plates containing 0.2% KNO3 as sole nitrogen source. The GlnRC phenotype is characterized by poor repression of urease and glutamine synthetase by ammonia and thermosensitive growth with nitrate. In crosses involving GlnRC strains, recombinant clones were tested for urease after growth for 1 The assimilatory nitrate reductase of P. aeruginosa is repressed by ammonia (29) . Methionine can only be used as a nitrogen source by this organism (14) , suggesting that the regulation of methionine degradation may involve nitrogen control. Both methionine and nitrate were used during counterselection to prevent the enrichment of mutants with a block in one of the specific assimilatory pathways (25) . After two carbenicillin enrichment cycles of the mutagenized culture, mutants were obtained that were able to grow with ammonia but not with nitrate or methionine as sole nitrogen source. We have chosen strain PA04520, carrying the gln-2020 mutation, for further study. At least two other mutants showed essentially identical properties.
Strain PA04520 was impaired in the utilization of a number of nitrogen sources as compared to the wild-type strain; poor growth was obtained with nitrate and a number of amino acids (Table 2) . Good growth was observed with ammonia and the amino acids glutamine, histidine, aspartate, and asparagine.
Enzyme regulation in PA04520. The cellular levels of glutamine synthetase, urease, and NADP-dependent glutamate dehydrogenase were measured under nitrogen-limited conditions in PA04520 and its parent PA02175. In these experiments, glutamine was used as a nitrogen source because its utilization is not dependent on the operation of one of the ammonia assimilatory pathways. Although glutamine is a good nitrogen source for P. aeruginosa and is assimilated rather fast, nitrogen-limited growth with glutamine can be obtained by slow addition of glutamine to cells growing in a medium containing no other nitrogen source (13) . When cultured under these conditions, strain PA02175 showed derepression of glutamine synthetase and urease, and repression of NADPdependent glutamate dehydrogenase synthesis. In the presence of excess ammonia, glutamine synthetase and urease were repressed and NADP-dependent glutamate dehydrogenase levels were elevated (Table 3) , which is consistent with previously reported results (13) . The mutant strain PA04520 did not produce urease and glutamine synthetase at a derepressed level during nitrogen-limited growth, whereas NADPdependent glutamate dehydrogenase was only partially repressed (Table 3) . Thus, the mutant selected for its inability to utilize nitrate and methionine as nitrogen source was impaired in the regulation of enzymes subject to nitrogen control (GlnR-phenotype). Glutamate synthase formation in mutant PA04520 was not significantly altered as compared to the wild-type strain (Table 3) .
In P. aeruginosa the formation of NADPdependent glutamate dehydrogenase is regulated both by the availability of ammonia and by glutamate. When cells are grown in a medium containing glutamate, repression of the enzyme is observed (2, 12) . This repression was found to aeruginosa PAO (9, 28).
PA04510, it was concluded that gln-2020 is located proximal to hisIV59 at 14 min (Table 4) . The strong coinheritance (94%) of gln-2020 with hisIV59 in single selection experiments shows that these mutations are located very close to each other (Fig. 1) .
Revertants. Spontaneous revertants of occur also in the GlnR-mutant. Thus, although nitrogen limitation no longer resulted in lowered NADP-dependent glutamate dehydrogenase levels, the addition of glutamate to the growth medium still caused repression in PA04520 (Table 3).
Mapping of the gln-2020 mutation. The chromosomal location of the regulatory mutation in strain PA04520, called gln-2020, was determined by measuring the coinheritance of gln-2020 with known chromosomal markers (10, 28) in plasmid R68.45-mediated conjugations. In these experiments, prototrophic recombinants were selected from matings between an appropriate auxotrophic recipient and strain PA04520 (R68.45) as the donor. Recombinants were subsequently tested for the GlnR-phenotype.
In a preliminary cross between PA04520 (R68.45) and PAO18, gln-2020 was found to be 10% linked to proB64 which is located at 4 min. Linkage to argB18 at 21 min in a cross between PA04520 (R68.45) and PA0303 was about 4%.
This suggests that gln-2020 is located between these markers in the early region of the P. aeruginosa PAO chromosomal map.
Three-factor crosses were used to determine the location of gln-2020 relative to other markers in the early region (Fig. 1) . From crosses between PA04520 (R68.45) and PA0647, it appeared that gln-2020 is located distal to car-9 at 9 min ( PA04520 that had regained the ability to use nitrate as nitrogen source were easily obtained on citrate-nitrate plates. Two classes of revertants were obtained. Class I strains showed a restoration of the wild-type growth pattern on citrate-nitrate plates, both at 30 and 42°C. A representative of this class, strain PA04523, was indistinguishable from the wild-type strain with respect to the formation of glutamine synthetase, NADP-dependent glutamate dehydrogenase, and urease (Table 5) . In conjugation experiments, using PA04523 (R68.45) as the donor and various recipients, the gln-2020 mutation could not be recovered. These results indicate that the reversion mutation in PA04523 is located in the same gene, or close to the original mutation.
Class II revertants showed thermosensitive growth with nitrate as nitrogen source. Strain PA04522, for example, formed slowly growing colonies on citrate-nitrate plates at 30°C but could not grow on this medium at 42°C. To examine the regulatory properties, the activities of enzymes involved in nitrogen assimilation were assayed (Table 5) . During growth at 30°C under nitrogen limitation with a low concentration of nitrate as nitrogen source, glutamine synthetase and urease were found to be derepressed, whereas NADP-dependent glutamate dehydrogenase levels were low. In cells growing in the presence of excess ammonia, glutamine synthetase and urease were not strongly repressed and the NADP-dependent glutamate dehydrogenase level was not elevated (GInRc phenotype). A more extensive repression of urease Table 3 .
formation and derepression of NADP-dependent glutamate dehydrogenase could be obtained by adding excess glutamine to the growth medium, although the glutamine synthetase content of the cells was only partially lowered under these conditions ( Table 5 ). The strongest repression of urease in the thermosensitive strain was observed when cells were grown at the restrictive temperature. Both after nitrogen-limited growth and after cultivation in the presence of excess ammonia, urease was hardly detectable in extracts from cells grown at 42°C, whereas NADPdependent glutamate dehydrogenase formation was derepressed (Table 5 ). In the wild-type strain, a change in growth temperature from 37 to 30 or 42°C did not significantly alter the cellular contents of urease, NADP-dependent glutamate dehydrogenase, glutamine synthetase, or glutamate synthase. Besides the change in the synthesis, the revertant strain PA04522 also showed abnormal adenylylation/deadenylylation control of glutamine synthetase. The enzyme was present in a highly adenylylated form under all growth conditions tested, as indicated by the strong inhibition of transferase activity by Mg2+ (Table 5) .
Genetic analysis of PA04522. From a conjugational cross between revertant PA04522 (R68.45) and PAO18 as the recipient, GlnRstrains were found among Pro+ recombinants with a frequency of 9o, whereas 10% showed the GlnRc phenotype characteristic of PA04522. This indicates that the reversion mutation in PA04522, called gln-2022, is located at a site different from gln-2020, probably distal to this site.
Three-factor crosses were used to establish the gene order in this region. From a conjugation between PA04522 (R68.45) and PA04510, it appeared that gln-2022 is located distal to hisIVS9, because GlnRc strains that had not inherited the hisIV59+ allele were rare among ilv+ recombinants (Table 6 ). Crosses between PA04522 (R68.45) and the GlnR-recipient PA04524 revealed that gln-2022 is located close before the hisII4 marker at 16 min. Coinheritance with this marker was 81%.
DISCUSSION
In this paper we describe the isolation and characterization of mutants from P. aeruginosa with a defect in nitrogen control. The representative strain PA04520 was shown to be unable to derepress the synthesis of glutamine synthetase and urease during nitrogen-limited growth, whereas NADP-dependent glutamate dehydrogenase was not repressed under this condition. Probably, the gln-2020 mutation in this strain is located in a gene which encodes a factor that regulates the transcription of genes encoding proteins that are involved in nitrogen assimilation. Genetic experiments demonstrated that the gln-2020 mutation is located close to hisIVS9 at 14 min on the P. aeruginosa PAO chromosome.
The observation that GlnR-strains are altered in the utilization of a number of nitrogen sources suggests that the regulatory gene affected is involved in the formation of several ammonia-generating pathways, e.g., nitrate reduction and proline, methionine, and tryptophan catabolism. The growth of a GlnR-strain on histidine and some other nitrogen sources does not exclude the possibility that the pathways in question are regulated by nitrogen (13, 26) . It is possible that under the conditions used enzyme levels are high enough to support growth since catabolite repression by citrate is far from complete (13).
Two classes of revertants that had regained the ability to grow with nitrate as nitrogen source were obtained. One class was identified as true revertants in which the gln-2020 mutation was no longer detectable. A second class of revertants arose by suppression at another chromosomal site, which we have designated gln-2022. This locus appeared to be closely linked and proximal to hisII4 at 16 min.
One of the class II revertants, strain PA04522, showed a number of remarkable properties, which can be summarized as follows: (i) poor repression of urease and poor derepresion of NADP-dependent glutamate dehydrogenase in the presence of excess ammonia, but more significant repression and derepression of these enzymes when glutamine was present in the growth medium; (ii) thermosensitivity, with derepression of urease and repression of NADPdependent glutamate dehydrogenase only at the permissive temperature; (iii) in contrast to urease formation, poor repression of glutamine synthetase at the restrictive temperature and in the presence of glutamine; (iv) a high adenylylation state of glutamine synthetase, even during nitrogen limitation.
The high adenylylation state of glutamine synthetase in PAO4522 suggests that some factor involved in the regulation of the adenylylation/ deadenylylation reactions also affects the formation of enzymes subject to nitrogen control. One factor reported to be involved in both mechanisms is the PI1 regulatory protein (4, 18, 27) .
Mutants from Klebsiella with a defect in glnB, which is believed to encode PI,, fail to fully derepress glutamine synthetase and to deadenylylate the enzyme, or they form high levels of glutamine synthetase which is normally adenylylated and deadenylylated (4, 18) . It remains to be established whether the adenylylation system in strain PA04522 is directly affected.
With respect to the regulation of urease and NADP-dependent glutamate dehydrogenase by ammonia and glutamine, the revertant strain PA04522 is similar to a glutamine synthetasenegative mutant described before (13) . In this strain only growth with excess glutamine was found to repress urease formation and derepress NADP-dependent glutamate dehydrogenase. Maybe the poor repression of urease and derepression of NADP-dependent glutamate dehydrogenase in PAO4522 is caused by the high adenylylation state of glutamine synthetase, which lowers the biosynthetic activity of the enzyme (12) . The observation that glutamine synthetase and urease formation are no longer strictly correlated in revertant strain PAO4522 suggests that there are differences in the mechanisms that regulate the formation of these enzymes.
The gln-2020 mutation described here is clearly distinct from most classes of mutations in enteric bacteria that lead to the failure to derepress the formation of nitrogen-controlled proteins. The possibility that gln-2020 is in a gene like gltB (3, 25) or gInA (21, 31) is highly improbable since our GlnR-strains do not lack glutamate synthase or glutamine synthetase, respectively. The gln-2020 mutation could be in a gene like gInF (5, 6, 18) or ginG (15, 18, 24) . Mutations in these genes impair the elevation of the synthesis of a number of nitrogen-controlled proteins in response to nitrogen limitation. Mutations in glnF are partly suppressed by mutations in ginG, a regulatory gene which is closely linked to the structural gene for glutamine synthetase in enteric bacteria (1, 15, 24) . It is also striking that the gln-2022 locus described here is located close to the structural gene for glutamine synthetase, which is at about 15 min on the chromosomal map of P. aeruginosa PAO (Janssen, Joosten, and Herst, manuscript in preparation). However, it is not yet possible to decide whether gln-2022 is really a mutation in a second regulatory gene or a mutation that causes reversion by informational suppression or by affecting glutamine synthetase.
